Introduction {#s1}
============

Estrogens bind and activate estrogen receptors (ER) to regulate the transcription of target genes [@pone.0072999-Kovacs1] via genomic and non-genomic mechanisms. The genomic (or classic) estrogen-evoked responses are through nuclear receptors ERα and ERβ [@pone.0072999-Prossnitz1]. ERα is the receptor responsible for 17β-estradiol (E2)-induced signaling, whereas function of ERβ is opposed to that of ERα [@pone.0072999-Strom1]. The genomic ER signaling functions as ligand-dependent transcription factors that directly bind to estrogen response elements (EREs) in the promoter region of target genes and usually takes hours to days to produce physiological effects in cells [@pone.0072999-Falkenstein1]. In contrast, non-genomic ER signaling is through a transmembrane receptor for estrogen [@pone.0072999-Prossnitz1], [@pone.0072999-Filardo1].

The G protein-coupled receptor 30 (GPR30) is a functional membrane receptor involved in non-genomic estrogen signaling [@pone.0072999-Filardo2]--[@pone.0072999-Thomas1]. The GPR30-mediated estrogen signaling stimulates cAMP production and intracellular Ca^2+^ mobilization, and subsequently activates various kinases that contributes to cell growth and migration [@pone.0072999-Prossnitz1], [@pone.0072999-Isensee1], [@pone.0072999-Olde1]. In breast cancer cells lacking ERs, GPR30 mediates up-regulation of the c-fos protein in the presence of estrogens, leading to promotion of cell proliferation [@pone.0072999-Maggiolini1]. Additionally, both estradiol and tamoxifen induce the expression of *c-fos* and cell proliferation through GPR30 (non-genomic ER) signaling pathway in various cancers [@pone.0072999-Prossnitz2], [@pone.0072999-Vivacqua1]. Moreover, it is also evident that overexpression of GPR30 indicates poor prognosis of endometrial, ovarian and breast cancers [@pone.0072999-Smith1]--[@pone.0072999-Ignatov1].

Cell migration is required for invasion of tumors. Focal adhesion kinase (FAK), a non-receptor tyrosine kinase controlling cellular signaling pathways of cell migration [@pone.0072999-Mitra1], is involved in the formation and turnover of focal adhesion sites [@pone.0072999-Robles1], [@pone.0072999-vanNimwegen1]. In addition, overexpression of FAK has been demonstrated to indicate invasive potential and poor prognosis in various human cancers [@pone.0072999-Miyazaki1].

Prolonged exposure to endogenous or exogenous estrogens and tamoxifen (an estrogen antagonist) is one of the risk factors for cell proliferation and migration in endometrial cancer [@pone.0072999-Creasman1]--[@pone.0072999-Flamini1]. However, the effects of estrogen on cell migration of endometrial cancers with low or without ERα were not previously explored, though previous studies have shown that estrogen induces a rapid phosphorylation of FAK in endometrial stroma and cancer cells [@pone.0072999-Flamini1]. Noteworthily, it is still unclear whether estrogens and tamoxifen simply stimulate the proliferation of endometrial cells *in situ* or if they also render these cells to invade at a local site.

In the present study, we demonstrated that treatment of estradiol (E2), G1 (a GPR30 agonist) and tamoxifen (4-hydroxytamoxifen, OHT) induced phosphorylation of FAK at Y397 and cell migration in endometrial cancer cell lines. The mechanistic link and clinical relevance between GPR30 and FAK signaling were also demonstrated.

Materials and Methods {#s2}
=====================

Patients and tissue specimens {#s2a}
-----------------------------

Forty-nine patients who underwent surgery at Chang Gung Memorial Hospital (CGMH) and had pathological confirmation of endometrial cancer were included. Written informed consents were obtained from all participants. The study was approved by the Institutional Review Board of Chang Gung Memorial Hospital (CGMH-IRB\#**98-2576B**).

Cell culture and reagents {#s2b}
-------------------------

The RL95-2 cell line, derived from a well-differentiated adenocarcinoma of the endometrium [@pone.0072999-Way1], was obtained from the American Type Culture Collection. The Ishikawa cell line, a well-differentiated endometrial adenocarcinoma, is a gift from Dr. Nishida (Kasumigaura National Hospital, Japan) [@pone.0072999-Nishida1]. Ishikawa cells were maintained in minimum essential medium (α-MEM) containing 15% (v/v) fetal bovine serum (FBS) as well as 100 U/ml penicillin and 100 mg/ml streptomycin. RL95-2 cells were cultured in Dulbecco\'s minimum essential medium (DMEM/F12) with 10% fetal bovine serum (FBS; Biological industries, Israel), 100 U/ml penicillin and 100 mg/ml streptomycin. Both cells were incubated at 37°C in a humidified incubator with 5% CO2. The cells were grown to 80% confluence and transferred to serum-free medium for 24 h before treatment with 17β-estradiol (E2), G1 and 4-hydroxytamoxifen (OHT) and medroxyprogesterone acetate (MPA). E2, OHT, G1, MPA (Sigma), lapatinib (an EGFR inhibitor, GlaxoSmithKline plc, London, UK), FAK inhibitor 14 (Tocris Bioscience, UK) and SRC inhibitor 1 (sigma) were dissolved in dimethyl sulfoxide (DMSO).

Phosphorylation-Kinase array {#s2c}
----------------------------

A phosphorylation-kinase array (Proteome Profiler™ Array kit, R&D systems) was used to search for specific phosphorylation kinases involved in the E2-induced signaling pathway. Before assay, RL95-2 cells were treated with E2 (1 μM) or DMSO (control) for 5 minutes followed by solubilization with lysis buffer (provided by the kit). The resulting protein lysates (500 μg) were incubated with nitrocellulose membranes containing 46 kinase phosphorylation sites at 4°C overnight followed by probing with detection antibodies and Streptavidin-HRP. The signals were detected by using an enhanced chemiluminescence (ECL) kit (Millipore). Densitometric analysis was performed by using UN-SCAN-IT software (Silk Scientific).

Immunoblot analysis {#s2d}
-------------------

The procedures of western blot analysis were previously reported [@pone.0072999-Wang1], [@pone.0072999-Wang2]. Cells were lysed in a buffer containing 20 mM Tris, pH 7.4, 2 mM EGTA, 2 mM Na~2~VO~3~, 2 mM Na~4~P~2~O~7~, 2% Triton X-100, 2% SDS, 1 μM aprotinin, 1 μM leupeptin and 1 mM PMSF. The protein concentration was analyzed by a protein assay kit with BSA standards according to the manufacturer\'s instructions (Bio-Rad Laboratories, Hercules, CA). Equal amounts of cell lysate were separated by SDS polyacrylamide gel electrophoresis (PAGE) and transferred to a nitrocellulose membrane (Hybond-C, Amersham Pharmacia Biotech Inc., Oakville, ON). Following blocking with Tris-buffered saline (TBS) containing 5% non-fat dry milk for 1 h, membranes were incubated overnight at 4°C with antibodies against ERα (epitomics), GPR30 (Genetex), FAK (Cell signaling), phosphorylated FAK at Y397 (pY397-FAK) (Abcam), phosphorylated FAK at 576/577 (pFAK-576/577) (Cell signaling), phospho-ERK1/2 (Santa Cruz), ERK1/2 (Santa Cruz), phosphorylated Src at Y416 (pSrc-416) (Cell signaling), Src inhibitor 1 (sigma) and β-actin (Sigma), followed by incubation with corresponding HRP-conjugated secondary antibodies. Immunoreactive bands were detected by using an enhanced chemiluminescence (ECL) kit (Millipore).

Migration assay {#s2e}
---------------

Cell migration was evaluated by using a chemotaxis chamber (Corning) as previously reported [@pone.0072999-Chao1], [@pone.0072999-Tsai1]. Cells (1×10^5^) in 200 μl of culture medium were applied to the upper chamber of the device, and 800 μl of medium containing 5 μg/ml fibronectin was added to the lower chamber. A polycarbonate membrane with a pore size of 8 μm was placed in between the two chambers. After 6 h of incubation at 37°C, the membrane was fixed in methanol for 10 min and stained in 20:2 water/Giemsa solution (Sigma) for 1 h. Migrated cells on the membrane were counted under a microscope.

Immunohistochemistry of clinical samples {#s2f}
----------------------------------------

The procedures of immunohistochemical staining were reported previously [@pone.0072999-Chao2]. The 4μm thick slides of formalin-fixed, paraffin-embedded tissues sectioned were deparaffinized in xylene and re-hydrated with a series of graded ethanol. Sections were then stained with an anti-human GPR30 polyclonal antibody (Genetex), an anti-human ERα monoclonal antibody (epitomics) or an anti-pFAK at Y397 monoclonal antibody (Invitrogen), using an automated IHC stainer with the Ventana Basic DAB Detection kit (Tucson, AZ, USA) according to the manufacturer\'s protocol. Counterstaining was performed with hematoxylin. The expression levels of ERα, GPR30 and pFAK in the endometrial cancer tissues were reviewed and scored by a pathologist. Histoscore (0--300) was obtained by the score (0--3) of intensity multiplying the percentage (0--100) of cells stained.

GPR30 shRNA construction and DNA transfection {#s2g}
---------------------------------------------

The shRNA sequences of GPR30 used in the present study were reported previously [@pone.0072999-Albanito1]. Two oligonuclotides, shGPR30F: ATCCCCCGCT -CCCTGCAAGCAGTCTTTTTCAAGAGAAAAGACTGCTTGCAGGGAGCG -TTTTTA and shGPR30R: AGCTTAAAAACGCTCCCTGCAAGCAGTCTTTT -CTCTTGAAAAAGACTGCTTGCAGGGAGCGGGG were anneled in a buffer containing100mM potassium acetate, 30 mM Hepes-KOH and 2 mM Magnesium acctate, and ligated with Hind III/Bgl II/CIP treated pSuper-neo vector (OligoEngine). Sequence was verified by autosequencing.

Procedures of DNA transfection were performed as previously described [@pone.0072999-Chao3]. Briefly, RL95-2 cells were trypsined and re-suspended in serum free RPMI at the concentration of 10^7^ cells/ml. Cell suspensions (200 μl) were mixed with 10 μg shGPR30 plasmid and transferred to an electroporation cuvette with a 2 mm gap. Then cells were pulsed at 120 Voltage for 70 milliseconds in an electroporator (BTX ECM2001, Harvard Apparatus, Inc., Holliston, MA, USA). Thereafter, cells were re-seeded into six-well plates and maintained in DMEM/F12 with 10% fetal bovine serum overnight. On the following day, cells were starved in serum free medium for 24 hours, and then treated E2, G1 and OHT.

Transfection of small interfering (si) RNA {#s2h}
------------------------------------------

Ishikawa cell (3x10^5^ cells in 6-well plates) was transfected with 50 nM of double-stranded RNA in Lipofectamine RNAimax (Invitrogen, Carlsbad, CA) according to manufacturer\'s protocol. Small interfering (si)-RNAs for GPR30 and EGFR were purchased from Invitrogen (Invitrogen, Carlsbad, CA). After 72 h of transfection, suppression of targeted genes was confirmed by RT-QPCR and western blot analyses.

The sequence of GPR30 siRNA used in the present study was: 5′-UCCUGUGCACCUUCAUGUCGCUCTT-3′ (sense).

The sequence for EGFR siRNA was: 5′-GCAGUCUUAUCUAACUAUGAUGCAA-3′ (sense).

The sequence for ERα siRNA was: 5′-AUCAGGUGGAUCAAAGUGUCUGUGA-3′ (sense).

Results {#s3}
=======

Estrogen induced phosphorylation of FAK at tyrosine 397 in RL95-2 endometrial cancer cells {#s3a}
------------------------------------------------------------------------------------------

An ERα-negative, GPR30-positive RL95-2 endometrial cancer cell line was established by depriving RL95-2 cells of estrogen through several passages ([**Fig. 1A**](#pone-0072999-g001){ref-type="fig"}). Using a set of phosphor-kinase arrays, treatment of ERα-negative RL95-2 endometrial cancer cells with E2 for 5 minutes significantly induced phosphorylation of ERK1/2 and of FAK at Y397 ([**Fig. 1B**](#pone-0072999-g001){ref-type="fig"}). Quantitatively, the levels of phosphorylated ERK1/2 and FAK were up-regulated by 1.4 and 1.9 folds, respectively, after E2 treatment as compared to control (DMSO) in RL95-2 cells ([**Fig. 1C**](#pone-0072999-g001){ref-type="fig"}).

![Treatment with 17β-estradiol (E2) activated phosphorylation of ERK and FAK in RL95-2 endometrial cancer cells.\
(**A**) ERα and GPR30 expression in endometrial cancer cells. In RL95-2 cells, GPR30 was highly expressed where ERα was not expressed after several cell passages with estrogen deprivation. In contrast, Ishikawa cells expressed both ERα and GPR30. (**B**) Phosphorylation of both ERK and FAK was increased after treatment of ERα-negative RL95-2 cells with E2 (1 μM) by using a set of phosphorylation arrays. (**C**) Fold changes of phosphorylation of ERK and FAK on the phosphorylation arrays (B) are shown. DMSO was used as control in comparison with E2 effects. Results shown were obtained from three independent experiments and are presented as mean ± standard deviation (SD).](pone.0072999.g001){#pone-0072999-g001}

Estrogen induced phosphorylation of ERK and FAK at Y397 via GPR30 in endometrial cancer cells with or without nuclear ERα {#s3b}
-------------------------------------------------------------------------------------------------------------------------

In ERα-negative RL95-2 cells, the expression levels of phosphorylated ERK and phosphorylated FAK at Y397 substantially increased after treatment of either E2, G1 (a GPR30 agonist) or tamoxifen (OHT, ERα antagonist) for 5 minutes ([**Figs. 2A and 2C**](#pone-0072999-g002){ref-type="fig"}). Similar results were also observed in Ishikawa endometrial cancer cells which were both ERα-positive and GPR30-positive ([**Figs. 2B and 2D**](#pone-0072999-g002){ref-type="fig"}). Using a specific shRNA or siRNA targeting GPR30, the endogenous expression of GPR30 was suppressed in both RL95-2 and Ishikawa cells ([**Figs. 2E and 2F**](#pone-0072999-g002){ref-type="fig"}). Subsequently, E2-induced phosphorylation of FAK at Y397 were abolished in cells with GPR30 knockdown ([**Figs. 2E and 2F**](#pone-0072999-g002){ref-type="fig"}). These findings suggest that E2-induced FAK phosphorylation at Y397 was mediated through GPR30 (the non-genomic estrogenic signaling pathway) in GPR30-positive endometrial cancer cells with or without the nuclear ERα receptor. However, knockdown of ERα using siRNA partially abolished phosphorylation of FAK induced by E2 and OHT in Ishikawa cells (GPR30-positive and ERα-positive) ([**Fig. 2G**](#pone-0072999-g002){ref-type="fig"}). Similarly, E2- and OHT-induced phosphorylation of FAK was also blocked in the presence of ICI 182780 (an antagonist of ERα) ([**Fig. 2H**](#pone-0072999-g002){ref-type="fig"}). Collectively, E2 and OHT may induce phosphorylation of FAK through both GPR30 and nuclear ERα.

![17β-estradiol (E2), GPR30 agonist (G1) and hydroxytamoxifen (OHT) triggered FAK Y397 phosphorylation through GPR30.\
RL95-2 (**A, C, E**) and Ishikawa cells (**B, D, F**) were treated with 1 μM E2, G1 and OHT for 5 mins. Phosphorylated ERK1/2 (pERK) (**A, B**) and FAK at Y397 (pFAK) (**C, D**) were detected by immunoblotting. Increased levels of pERK and pFAK were shown following treatment with E2, G1 and OHT as compared to control (DMSO). Endogenous GPR30 was knocked-down by shRNA in RL95-2 (**E**) or by siRNA in Ishikawa cells (**F**). Following treatment with 1 μM E2 and OHT for 5 mins, levels of pFAK were repressed in both endometrial cancer cells with knockdown of GPR30 (**E, F**). (**G**) In Ishikawa cells, knockdown of ERα using siRNA partially abolished phosphorylation of FAK induced by E2 and OHT. Similarly, E2- and OHT-induced phosphorylation of FAK was also blocked in the presence of ICI 182780 (an antagonist of ERα) (**H**). Results shown were obtained from three independent experiments and are presented as mean ± standard deviation (SD).](pone.0072999.g002){#pone-0072999-g002}

Estrogen induced cell migration was through GPR30 and FAK signaling in endometrial cancer cells {#s3c}
-----------------------------------------------------------------------------------------------

Since FAK has been reported to act as a tyrosine kinase and play a role in the invasion of tumor cells [@pone.0072999-Siesser1], we further examined the migration of RL95-2 and Ishikawa cells through GPR30-FAK pathway in the presence of E2 or tamoxifen (OHT) by transwell migration assay. To further dissect the role of phosphorylated FAK in cell migration, an FAK-specific inhibitor preventing FAK phosphorylation at Y397 (FAK inhibitor 14) [@pone.0072999-Golubovskaya1] was used to analyze changes in the level of phosphorylated FAK at Y397 and its subsequent effect on cell migration. As shown in [**Figs. 3A and 3B**](#pone-0072999-g003){ref-type="fig"}, the phosphorylation of FAK at Y397 induced by E2 or OHT were blocked by FAK inhibitor 14. Treatment of E2 and OHT stimulated cell migration by 2.3 and 2.5 folds in RL95-2 cells, and by 2.3 and 1.9 folds in Ishikawa cells, respectively, as compared to the control (DMSO). In contrast, E2 or OHT-induced cell migration were abolished by the treatment with FAK inhibitor 14 in RL95-2 and Ishikawa cells ([**Figs. 3C and 3D**](#pone-0072999-g003){ref-type="fig"}). We also investigated the role of GPR30 in cell migration induced by E2 or OHT ([**Fig. 3E and 3F**](#pone-0072999-g003){ref-type="fig"}). The migration ability was induced by 2.1 folds (in RL95-2 cells) and 2.4 folds (in Ishikawa cells) in the presence of E2 in cells transfected with control shRNA, and the induction of cell migration after treatment with E2 was blocked in both cells with GPR30 knockdown. Similarly, tamoxifen (OHT) activated cell migration by 1.7 folds (in RL95-2 cells) and 2.4 folds (in Ishikawa cells), and these effects were inhibited in both cells with knockdown of GPR30. These results indicated that the induction of cell migration by estrogen and tamoxifen is mediated through GPR30 signaling and the phosphorylation of FAK at Y397 in endometrial cancer cells.

![Cell migration induced by 17β-estradiol (E2) and tamoxifen (OHT) is mediated through GPR30 and phosphorylation of FAK at Y397 (pFAK) in endometrial cancer cells.\
RL95-2 cells (**A**) and Ishikawa cells (**B**) were pre-treated with FAK inhibitor 14 (15 μM) for 2 hrs, then treated with 1 μM E2 or OHT for 5mins, and cell lysates were analyzed via Western blot using antibody against pFAK Y397. The expression levels of pFAK at Y397 induced by E2 or OHT were suppressed by FAK inhibitor14. E2- and OHT- induced cell migration were also abrogated in the presence of FAK inhibitor 14 in RL95-2 (**C**) and Ishikawa cells (**D**). After knockdown of endogenous GPR30 in RL95-2 cells (**E**) and Ishikawa cells (**F**), cell migration was inhibited as compared with mock depletion. Results shown were obtained from three independent experiments and are presented as mean ± standard deviation (SD).](pone.0072999.g003){#pone-0072999-g003}

E2, G1 and OHT induced FAK phosphorylation through EGFR-PI3K-ERK pathway in RL95-2 endometrial cancer cells {#s3d}
-----------------------------------------------------------------------------------------------------------

GPR30 transactivates epidermal growth factor receptors (EGFRs) and in turn activates downstream signalings including mitogen-activated protein kinases (MAPK) and phosphatidylinositol 3-kinases (PI3K) pathways [@pone.0072999-Prossnitz1]. It is also evident that PI3K regulates FAK phosphorylation at Y397, the first step in FAK activation [@pone.0072999-Thamilselvan1]. In order to verify that estrogen-induced GPR30 signaling is mediated through EGFR/PI3K/FAK pathway in endometrial cancer cells, we used specific inhibitors or siRNA to test this pathway. First, knockdown of EGFR expression by siRNA or blockage of its tyrosin kinase activity using lapatinib (an EGFR inhibitor) inhibited phosphorylation of FAK induced by E2, G1 or OHT in RL95-2 endometrial cancer cells ([**Figs. 4D and 4E**](#pone-0072999-g004){ref-type="fig"}), suggesting that estrogen-induced GPR30 signaling is mediated through EGFR. Moreover, phosphorylation of both AKT and ERK was also repressed after application of siRNA targeting EGFR or lapatinib ([**Figs. 4D and 4E**](#pone-0072999-g004){ref-type="fig"}), suggested that PI3K may be involved downstream of EGFR. Indeed, treatment of wortmanin, a PI3K inhibitor, blocked FAK phosphorylation at Y397 induced by E2, G1 or OHT in RL95-2 endometrial cancer cells. These findings further confirm previous reports that E2 activated GPR30 signaling pathway is through PI3K and ERK1/2 downstream signals [@pone.0072999-Filardo3]. Furthermore, repression of ERK activity by PD98059 (an ERK inhibitor) also prevented phosphorylation of FAK at Y397. Together, these findings demonstrated that E2-induced FAK phosphorylation is mediated through GPR30-EGFR-PI3K-ERK signaling pathway.

![Inhibitors or siRNA of kinases suppressed E2-, G1- and OHT-induced phosphorylation of FAK in RL95-2 endometrial cancer cells.\
RL95-2 cells were pretreated with ERK inhibitor (PD98059, 100 μM) or a PI3K inhibitor (Wortmanin, 100 nM) for 1 hr followed by administration of 1 µM (**A**) E2, (**B**) G1 or (**C**) OHT for 5 mins. The ERK and PI3K inhibitors suppressed phosphorylation of FAK in the presence of E2, G1 or OHT. (**D**) The phosphorylation of FAK, AKT and ERK was repressed in RL95-2 cells with knockdown of EGFR using siRNA after treatment with 1 μM E2, G1 or OHT for 5 mins. (**E**) With an exception of Src, the phosphorylation of FAK, AKT, ERK and EGFR was abrogated in RL95-2 cells pre-treated with 120 nM lapatinib (an EGFR inhibitor) for 2 hrs followed by treatment with 1 μM E2, G1 or OHT for 5 mins. (**F**) In RL95-2 cells, E2-, G1- and OHT-induced phosphorylation of FAK at both 397 and 576/577 was repressed in the presence of Src inhibitor 1. Results shown were obtained from three independent experiments and are presented as mean ± standard deviation (SD).](pone.0072999.g004){#pone-0072999-g004}

The involvement of Src in the phosphorylation of FAK induced by E2, G1 and OHT in RL95-2 endometrial cancer cells {#s3e}
-----------------------------------------------------------------------------------------------------------------

To further verify the involvement of Src in the phosphorylation of FAK, we pre-treated RL95-2 cells with 50 nM Src inhibitor 1 for 24 hrs followed by treatment with 1 μM E2, G1 or OHT for 5 mins. Consequently, E2-, G1- and OHT-induced phosphorylation of FAK at both 397 and 576/577 was repressed in the presence of Src inhibitor 1 ([**Fig. 4F**](#pone-0072999-g004){ref-type="fig"}), indicating that Src was involved in the GPR30-EGFR signaling pathway. However, unlike diminished phosphorylation of FAK by lapatinib (an EGFR inhibitor), the phosphorylation of Src was not abolished in the presence of lapatinib in RL95-2 cells ([**Fig. 4E**](#pone-0072999-g004){ref-type="fig"}), suggesting that the phosphorylation of Src might be concomitantly regulated by other signaling pathways rather than EGFR.

The involvement of phosphorylation of FAK in cell proliferation in endometrial cancer cells {#s3f}
-------------------------------------------------------------------------------------------

Previous reports have demonstrated that phosphorylation of FAK is involved in the cell proliferation [@pone.0072999-Pirone1] and that c-fos (a target gene of GPR30) also play a role in cell proliferation [@pone.0072999-Maggiolini1]. To verify the role of phosphorylation of FAK in regulation of c-fos, expression of c-fos mRNA induced by G1 (a GPR30 agonist) in the presence or absence of FAK inhibitor 14 was determined by Taqman real-time quantitative polymerase chain reaction (PCR) in endometrial cancer cells. Consequently, expression of c-fos mRNA induced by G1 was abolished in the presence of FAK inhibitor 14 in both RL95-2 and Ishikawa endometrial cancer cells (**[Figure S1](#pone.0072999.s001){ref-type="supplementary-material"}**). Using the BrdU incorportation assay, cell proliferation of RL95-2 induced by E2 or OHT was substantially repressed in presence of FAK inhibitor 14 (**[Figure S2](#pone.0072999.s002){ref-type="supplementary-material"}**). These findings indicated that phosphorylation of FAK played a role in regulation of c-fos and in turn the cell proliferation.

Expression of GPR30 and phosphorylated FAK at Y397 in human endometrial cancer tissues {#s3g}
--------------------------------------------------------------------------------------

Since our findings demonstrated that GPR30-mediated estrogen signaling leads to FAK phosphorylation and subsequent cell migration, we wish to further investigate the disease correlation of this pathway in clinical samples. To do so, we used immunohistochemical staining to detect and quantify the expression of ERα, GPR30 and pFAK in human endometrial cancers. As showed in [**Figs. 5A and 5B**](#pone-0072999-g005){ref-type="fig"}, human endometrial cancers (n = 24) with low expression of nuclear ERα (histoscore ≤45) were found to have significantly higher expression of both GPR30 and pFAK as compared to those (n = 25) with high ERα (histoscore \>45) (p\<0.0001) ([**Table 1**](#pone-0072999-t001){ref-type="table"}). Clinically, cases with low expression of nuclear ERα studied reveal evidence of increased propensity for invasion (staging from IB to IVA). Moreover, level of phosphorylated FAK was significantly correlated with expression of GPR30 in human endometrial cancers with low ERα (p\<0.05) ([**Fig. 5C**](#pone-0072999-g005){ref-type="fig"}), but no such correlation was detected between ERα and pFAK ([**Fig. 5D**](#pone-0072999-g005){ref-type="fig"}).

![Expression of ERα, GPR30 and pFAK (at Y397) in human endometrial cancers with low ERα.\
(**A**) In clinical samples of human endometrial cancers with low expression of ERα (histoscore  = 10), relatively high expression of GPR30 (histoscore  = 270) and pFAK (histoscore  = 225) were observed (40× magnification of the object lens). (**B**) The histoscores of both GPR30 and pFAK were lower in human endometrial cancers with high ER (histoscore \>45, left panel) as compared to those with low ER (histoscore ≤45, right panel). (**C**) There was a positive correlation of histoscores between pFAK and GPR30 in human endometrial cancers with low ERα. (**D**) No association was found in histoscores between pFAK and ERα in human endometrial cancers. NS: not significant.](pone.0072999.g005){#pone-0072999-g005}

10.1371/journal.pone.0072999.t001

###### Histoscores of estrogen receptor (ER), GPR30 and phosphorylated FAK (pFAK) in human endometrial cancers.

![](pone.0072999.t001){#pone-0072999-t001-1}

             Low ER      High ER     p value[\*](#nt102){ref-type="table-fn"}
  ------- ------------ ------------ ------------------------------------------
  ER       17.1±17.3    152.4±54.6                   \<0.0001
  GPR30    73.6±64.5    23.9±26.8                    \<0.0001
  pFAK     192.6±86.3   47.8±83.3                    \<0.0001

Data are presented as mean ± standard deviation (SD).

Student t-test.

Discussion {#s4}
==========

GPR30 has been proposed to act as a steroid receptor localized either to the cell plasma membrane or to the endoplasmic reticulum and mediate rapid action of estrogen [@pone.0072999-Creasman1], [@pone.0072999-Lepine1]. It is also evident that GPR30 triggers cellular proliferation through activation of phosphokinases, e.g. phosphatidyinositol 3-kinase (PI3K) and mitogen-activated protein kinase (MAPK), in response to estrogen and tamoxifen [@pone.0072999-Revankar1], [@pone.0072999-Thomas1], [@pone.0072999-Maggiolini1]. Nevertheless, there are some reports demonstrating that estrogen acts independently of GPR30 in some specific cell types [@pone.0072999-Otto1]--[@pone.0072999-Ahola1]. Notably, a study has shown that GPR30 is incapable of mediating estrogen action, such as failure of activating cAMP, ERK or PI3K following estrogen treatment, in endothelial cells without ERα and ERβ [@pone.0072999-Pedram1]. In the present study, knockdown of GPR30 in RL95-2 and Ishikawa endometrial cancer cells abrogated E2 and tamoxifen induced phosphorylation of FAK and abolished the subsequent cell migration ([**Figs. 2E, 2F**](#pone-0072999-g002){ref-type="fig"} **,** [**3E and 3F**](#pone-0072999-g003){ref-type="fig"}), indicating that GPR30 is capable of mediating estrogen action in endometrial cancer cells with or without nuclear ERα.

Tamoxifen is a selective estrogen receptor modulator (SERM), acting as an ERα antagonist in breast but a weak estrogen in uterine endometrium. Anti-cancer treatment with tamoxifen in breast cancer relates to an increased incidence of endometrial cancer [@pone.0072999-Swerdlow1]--[@pone.0072999-Lee1]. Mechanistically, tamoxifen activates MAPK pathway through GPR30 to promote proliferation of endometrial cancer cells [@pone.0072999-Vivacqua2]. As with promotion of cell proliferation, tamoxifen activated the FAK pathway in both RL95-2 and Ishikawa endometrial cancer cells ([**Figs. 3A, 3B, 3C and 3D**](#pone-0072999-g003){ref-type="fig"}). In addition, results involving GPR30 depletion indicated that GPR30 was essential to promote tamoxifen-induced cell migration in endometrial cancers ([**Figs. 3E and 3F**](#pone-0072999-g003){ref-type="fig"}). Collectively, tamoxifen is capable of provoking cell migration via GPR30 in endometrial cancer cells with or without nuclear ERα.

There is evidence demonstrating that estrogen triggers epidermal growth factor receptor (EGFR) pathway through GPR30 in breast cancer cells [@pone.0072999-Filardo3]. Lapatinib is a tyrosin kinase inhibitor of EGFR and blocks EGFR downstream signaling in cancer cell [@pone.0072999-Konecny1]. In this study, lapatinib repressed the phosphorylation of FAK induced by both E2 and tamoxifen in endometrial cancer cells ([**Fig. 4E**](#pone-0072999-g004){ref-type="fig"}). In addition, knockdown of EGFR expression by siRNA also inhibited E2- and tamoxifen-induced phosphorylation of FAK in endometrial cancer cells ([**Fig. 4D**](#pone-0072999-g004){ref-type="fig"}). These findings demonstrated that EGFR is essential in the GPR30-mediated pathway and further support the notion that lapatinib, in combination with tamoxifen, may be used in patients with breast cancers for preventing the development of endometrial cancer [@pone.0072999-Chu1].

Cell migration is a crucial attribute of cancer cells that influences tumor invasive potential into adjacent tissues. A better understanding of the mechanism of cell migration induced by estrogens is essential to the development of efficient therapies for endometrial cancer. In this regard, FAK has been recognized to localize to the plasma membrane at sites of focal adhesion complexes formation and acts as a key regulator in cell migration and cell invasion involving proteolytic degradation of the extracellular matrix [@pone.0072999-Vivacqua2]. Results from the present study also indicated that the FAK pathway played an important role in mediating cell migration induced by E2 and tamoxifen in RL95-2 and Ishikawa endometrial cancer cells ([**Figs. 3A, 3B, 3C and 3D**](#pone-0072999-g003){ref-type="fig"}). In addition, studies using inhibitors and siRNA also demonstrated that FAK-dependent cell migration is mediated through EGFR, PI3K and ERK ([**Figs. 4A, 4B, 4C, 4D and 4E**](#pone-0072999-g004){ref-type="fig"}). Collectively, our data suggested that estrogen-induced cell migration is mediated through the activation of PI3K/ERK/FAK pathway in endometrial cancer cells with low or without nuclear ERα.

Noteworthily, it is also possible that estrogen-induced cell migration is mediated through connective tissue growth factor (CTGF). A previous report has shown that CTGF is a GPR30 target gene and GPR30 signaling promotes cell migration through CTGF induction in ER-negative human breast cancer cells [@pone.0072999-Pandey1]. This pathway needs to be evaluate to further elucidate the mechanism of estrogen-induced cell migration in endometrial cancer cells.

Pathologically, type 1 human endometrial cancers are estrogen-sensitive and have good prognosis, whereas type 2 human endometrial cancers are not associated with increased exposure to estrogen and carry poorer prognosis [@pone.0072999-Amant1]. In the present study, human endometrial cancers (n = 24) with low ERα were found to express higher levels of GPR30 and pFAK as compared to those (n = 25) with high ERα ([**Fig. 5B**](#pone-0072999-g005){ref-type="fig"} and [**Table 1**](#pone-0072999-t001){ref-type="table"}). Additionally, GPR30 and pFAK were positively correlated in human endometrial cancers with low ERα, but no such correlation was found between ERα and pFAK ([**Figs. 5C and 5D**](#pone-0072999-g005){ref-type="fig"}). These results from the *in vivo* studies indicated that endometrial cancers with low ERα might be extremely sensitive to estrogen. Consequently, these endometrial cancers with low ERα might express higher levels of GPR30 and pFAK even with low circulating serum levels of estrogen and without the addition of exogenous estrogen, which implies that they have a potential to invade adjacent tissues. Moreover, we also confirmed previous reports demonstrating that E2 and OHT trigger rapid ERK and FAK signaling pathway and induce cell motility in endometrial cancer cell [@pone.0072999-Acconcia1]. Collectively, our cell culture results and correlations observed in the clinical samples imply that *in vivo* estrogen-induced phosphorylation of FAK is mediated through GPR30 rather than nuclear ERα in human endometrial cancers with low ERα.

In conclusion, we demonstrated for the first time that estrogen- and antiestrogen-induced migration of endometrial cancer cells was through GPR30 signaling and activation of EGFR/PI3K/ERK/FAK pathway in endometrial cancer cells ([**Fig. 6**](#pone-0072999-g006){ref-type="fig"}). Our findings may provide new insights regarding the mechanisms of estrogen- and antiestrogen-induced cell migration in endometrial cancer cells with low or without ERs, suggesting the possibility of anti-GPR30 as a potential therapeutic intervention for the treatment of human endometrial cancers.

![E2, G1 and OHT promoted cell migration through the GPR30/EGFR/PI3K/ERK/FAK signaling pathway.\
Our current model of activation of the GPR30-EGFR-PI3K-ERK-FAK pathway by E2, G1 and OHT.](pone.0072999.g006){#pone-0072999-g006}
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###### 

**Expression of c-fos mRNA induced by G1 (a GPR30 agonist) in endometrial cancer cell lines (RL95-2 and Ishikawa) in the absence or presence of FAK inhibitor 14.** To evaluate whether the activation of FAK play a role in the regulation of GPR30 target genes, endometrial cancer cells were pre-treated with FAK inhibitor 14 (15 μM) for 2 hr followed by administration of 1 µM G1 for 1 hr. Then, mRNA of c-fos in endometrial cancer cells was determined by Taqman real-time quantitative polymerase chain reaction (PCR). Expression of c-fos mRNA induced by G1 was abolished in the presence of FAK inhibitor 14 in both RL95-2 and Ishikawa endometrial cancer cells. Results shown were obtained from three independent experiments and are presented as mean + standard deviation (SD).

(PDF)

###### 

Click here for additional data file.

###### 

**FAK inhibitor 14 blocked cell proliferation induced by 17β-estradiol (E2) and 4-hydroxytamoxifen (OHT) in ERα-negative endometrial cell RL95-2.** BrdU incorportation assay was used as an index for cell proliferation. RL95-2 cells were treated with E2 or OHT (1 μM) in presence or absence of FAK inhibitor 14 (1 μM) for 48 hr. Consequently, cell proliferation of RL95-2 induced by E2 or OHT was substantially repressed in presence of FAK inhibitor 14. Results shown were obtained from three independent experiments and are presented as mean + standard deviation (SD).

(PDF)

###### 

Click here for additional data file.
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